 HEALTH POLICY AND ETHICS  Note. "Neonatal causes" includes infectious diseases (neonatal tetanus, pneumonia, meningitis, sepsis/septicemia, diarrhea and other infections during the neonatal period) as well as noncommunicable diseases (birth asphyxia, congenital abnormalities, and preterm birth). "Others" represents mortality in 10% of children aged younger than 5 years and includes causes unrelated to AIDS, diarrhea, measles, malaria, acute respiratory disease, and neonatal causes and injuries. 
Commercial realities have drastically reduced private investment in the development of new public health tools, but increased awareness of this situation has resulted in the emergence of a variety of researchbased, nonprofit organizations. We reviewed current vaccine developments and developed a framework for efficient research and development investments in this area.
We have identified several key "push" and "pull" forces within the vaccine research and product development environment and have examined their impacts on the process. These forces affect the global vaccine pipeline, which is composed of all individual vaccine initiatives and global partnerships (i.e., stakeholders), All of these research and development stakeholders must work together to establish and promote a global, sustainable research and development pipeline that delivers optimal vaccines and immunization technologies. VACCINES ARE THE cornerstone of the fight against communicable diseases. This has been proven by the success of smallpox eradication, the drastic reduction in polio cases during the past 20 years, the progress toward tetanus elimination, and the reduction of measles mortality. Despite these achievements, infectious diseases are still responsible for nearly 30% of all deaths worldwide; more than 15 million people die every year, mostly in low-income and middle-income countries. 1 Approximately 1.5 million of these deaths could have been prevented if the currently available vaccines were made universally available. Additionally, licensed vaccines to combat many deadly childhood diseases do not yet exist ( Figure 1 ). 
DRIVING FORCES FOR RESEARCH AND DEVELOPMENT
The research and product development process bridges the  HEALTH POLICY AND ETHICS  Note. The shape of the cones mimics a balloon pushed and pulled through the "eye" of the registration "needle." The arrows inside the cones represent the movement along the Push and Pull continuum. Black boxes represent potential vaccine candidates that will eventually yield 1 licensed product. gap between scientific discovery and the delivery of tools for health intervention. Vaccines used today are the product of discovery and development during past decades. The aim of the research and product development process 4 is to design effective and consistent methods for the identification and production of potential vaccines, test them for safety and efficacy in preclinical studies, and establish their efficacy in humans. There is a clear responsibility throughout vaccine development to both adhere to and be guided by a structured framework that embodies registration requirements and normative guidelines. This framework collectively ensures the ethics, safety, and quality of the research, manufacturing, and clinical development during the research and product development process. It often takes more than 10 years to deliver a final, licensed vaccine, 5 and requires not only excellence during research and product development but also managerial and funding commitment throughout the endeavor. The cost of developing a vaccine-from research and discovery to product registrationis estimated to be between US $200 million and US $500 million per vaccine. 6 This figure includes vaccines that are abandoned during the development process. In short, vaccine research and product development is lengthy, complex, and loaded with binary outcome risks. Several driving forces have an impact on the research and product development process that develops vaccines for nonprofit or low-profit markets that can be grouped into 2 categories: "push" and "pull"-terms that are commonly used when business strategies are being developed. Abstractly, a product is developed either because of a clear demand-a "pull"-for the vaccine in the marketplace or because it becomes technically and operationally feasible-a "push." In practice, the actual delivery of the product to the population in need is dependent on the concerted action of both forces (Figure 2) .
Within the context of vaccine development, push forces are principally composed of scientific and technological advances, management and coordination support, and availability of research and product development funding. Pull forces reflect governmental and public recognition and commitment to the fulfillment of health needs and the potential profitability of a future product within a specific freemarket segment.
Balancing both forces is necessary for establishing a sustainable product pipeline that consistently yields new vaccines and contributes new public health tools. Additionally, the reality of these forces must be credibly articulated in language that resonates with all stakeholders (i.e., immunization partners). Investing resources and efforts that strengthen any of the push and pull forces can affect the product-oriented pipeline and the impact of unilateral (i.e., asymmetric) disturbances on any point of the process. This investment should be viewed holistically within the context of the entire development environment. In the commercial world, all push forces are united by company operations that target either existing or emerging markets. With publicly funded research, there is additional complexity because of numerous independent entities that have their own discrete mandates.
Technology Push
During the past few decades, scientific advances in fields such as biotechnology, immunology, bioinformatics, genomics, and proteomics and the development of DNA-based and peptide-based vaccine technologies have provided large numbers of potential new molecules that can be selected for vaccine development. Preclinical vaccine-testing platforms and new approaches to the development of animal models of disease (such as transgenic animals, i.e., animals that have been genetically altered to exhibit disease symptoms) have moreover broadened the range of potential approaches for validating the potential vaccine. Finally, innovative drug delivery methods and improved understanding of pharmaceutical formulation and clinical testing allow for the potential enhancement of both existing and potential vaccines. Several publicly funded research funding entities-including the National Institutes of Health (NIH), the Medical Research Council, the US Agency for International Development It is appropriate to use technology as the departure point for promoting collaborative initiatives.
Because science is a common language, technology exchanges between established and developing health initiatives, as well as between north and south and south and south countries, can be readily implemented. The ultimate goal of these networks is to focus collective research efforts on the challenges within disease-endemic countries. The effective engagement of all research communities can ensure that the issues most relevant to health are addressed with the most effective technological approaches available.
Research and Product Development Funds Push
Developing countries' public spending on research and product development is insufficient for supporting effective internal development of new or improved tools that combat the wide spectrum of infectious diseases in these countries. The low capacity that is the result of internally derived funds has recently been bolstered by a positive trend in contributions from industrialized countries to the developing world. This funding has come from bilateral development agencies, including USAID, the Cana- In addition to these initiatives, many established programs and dedicated international and national institutions have provided ad hoc support, advocacy, and funds for managing vaccine research and product development projects. 7 Often, these new research and product development initiatives (e.g., the International AIDS Vaccine Initiative) have responsibility for all product-related push forces (technology, funds, and management) that are supported by fundraising and advocacy, although for the most part, their coordination with disease control programs and vaccine procurement mechanisms still needs to be effectively integrated.
Market and Procurement Funds Availability Pull
Today, all publicly funded vaccine research and product development require at least 1 industrial partner, or at a minimum 1 established manufacturing entity, because of capital expenditure barriers resulting from the need to produce vaccines in accordance with good manufacturing practices. For the industrial partner, factors that have an impact on the minimum level of pull forces necessary for attracting significant funding are the same whether the products are developed for the developing world or for an established market economy. These factors include developmental and commercialization costs and risks, which culminate in the risk-adjusted chance of generating acceptable stakeholder return from a finite budget.
Throughout the decisionmaking process about whether to favor one development program over another, opportunity costs prevail, i.e., the value of using resources in one way versus the value of pursuing other available alternatives. The commercial third party considers the minimum acceptable market pull forces in a public-private partnership to be where the opportunity cost is neutral. The public sector realizes it must consider the expected return of a specific investment in terms of public health gain rather than invest limited resources in competing priorities. For example, the Global Alliance for Vaccines and Immunization is currently developing and testing frameworkbased investment cases for future fund allocation. The combination of developmental risks and manufacturing risks, compounded by politically and economically driven uncertainties in the endconsumer marketplaces, collectively often result in unattractive investment propositions for commercial vaccine development organizations. 8 To overcome the vacuum left by the lack of an innate market pull, it has been proposed that public funds be set aside to guarantee procurement of new vaccines at a fixed price during a predetermined time period. 9 If uncertainty in the commercialization risk is reduced well in advance, developmental risk becomes the main variable that the managerial decisionmakers must consider. Reducing the risk should facilitate the inclusion of vaccines in a commercial product portfolio. This approach has already been effective. For example, public sector increases in procurement commitments and funding has been successful in attracting commercial entities to invest in the development and production of the relatively  HEALTH POLICY AND ETHICS  low-cost hepatitis B and combination vaccines for developing markets. In the future, there may be investments in rotavirus and pneumococcal vaccines once they are introduced.
Control Priorities and Health Systems Capacity Pull
Governments are the key players in the formulation and implementation of national immunization policies. Public sector entities, such as international organizations and disease control programs, should therefore provide countries with sufficient information about disease burden and the cost-effectiveness of new vaccines, which will allow governments to include evidence-based decisions about the introduction of new vaccines in their immunization programs. If governments present clearly articulated and consistent national program policy statements about the introduction of new vaccines, including recommendations from international partners, global demand for new products can be better ascertained and used as a pull factor to stimulate vaccine research and product development.
Additionally, major investment is necessary for strengthening health systems before the introduction of new products. Indeed, the health systems in many developing countries are struggling to sustain their existing vaccine programs. Today, many international agencies, alliances, nongovernmental organizations, and bilateral initiatives-including WHO, UNICEF, the World Bank, and the Global Alliance for Vaccines and Immunization-are helping national governments to strengthen their immunization and health systems. Future strengthening of health systems should overcome this capacity barrier and lead to the development of a more dependable pull force for vaccine research and product development efforts.
Advocacy Pull
Evidence-based advocacy can have a great impact on attracting the attention of researchers and funding bodies for vaccine development projects. Surveillance data, global and national burden of disease estimates, and demand projections can emphasize the true health value of particular research and product development investments. Through this process, investment in neglected diseases may potentially be rendered more attractive for commercial development and may have an increased likelihood of attracting public funds and management efforts. Advocacy support is therefore important for the sustainability of research and product development programs and for the delivery of nonmonetary credits to all partners who contribute to the enterprise.
The existence of push and pull forces, and an appropriate balance between them, is necessary for establishing a sustainable product pipeline. The odds for research product attrition rates are dictated by empirically determined probabilities of success. Several potential, independently produced products should be pulled and pushed into the pipeline to beat these odds, which will result in at least 1 licensed product eventually being launched. The driving forces should not favor one potential vaccine or clinical trial. Rather, the forces should favor an entire product pipeline of numerous projects to promote fair competition and diversification of research approaches. The result will be successful, sustainable pipelines of research projects that will deliver tools for future efficient global immunization efforts (Figure 2) .
The imbalance of forces, or the lack of 1 or some of them, impairs the formation of an efficient research and development pipeline. The malaria vaccine research and product development is a case in point, because, during the past 3 decades, effective push forces (substantial investment by academic institutions into upstream research, availability of the complete sequence of the P. falciparum genome, etc.) were insufficient for establishing a credible product pipeline. The recent creation of 2 initiatives dedicated to malaria vaccine research and development-the European Malaria Vaccine Initiative and the United States' Malaria Vaccine Initiative-has provided an additional element in the form of a management and funding push. The previously modest pull forces also have been reinforced. The Malaria Research and Development Alliance intends to increase the level of advocacy for malaria interventions, and USAID and the Malaria Vaccine Initiative have conducted a study in Africa that assessed the future market for a malaria vaccine. It is hoped that a clearer definition of the demand (market pull) for such products will stimulate industry investment in this area and accelerate discussions within ministries of health about strategies for introducing this prevention tool (health priority pull).
Finally, the malaria vaccine research and product development community has recently completed a technology road mapping exercise, which the industry is using to define new pathways for innovation and increased efficiency. The goal of technology road mapping is to accelerate and improve the development of promising malaria vaccines by providing a cohesive framework for defining critical needs, focusing technology investments, producing a blueprint to align and guide activities within the global malaria community, catalyzing new investment, and directing donor funds to the highest-priority needs. In addition to these promising malaria vaccine efforts, several recent investments in dedicated research and development funding, technologies, and management-in the form of nonprofit enterprises 10-12 -also bring hope for a breakthrough in other vaccine research and development, including HIV and tuberculosis. All these driving forces are instrumental in ensuring that enough potential vaccines are moved through the research and product development process and that 1 or more effective products will eventually be licensed and introduced into immunization programs. In this manner, the concept of a global vaccine research and product development portfolio pipeline emerges by combining all the individual efforts and initiatives for researching and developing vaccines that target infectious diseases.
A GLOBAL VACCINE RESEARCH AND DEVELOPMENT PIPELINE ALREADY EXISTS
The various vaccine research and product development stages include discovery, preclinical research, clinical and regulatory research, and postlicensing research. Because of this process, work on future access to vaccines should be undertaken early for all infectious diseases in developing countries. To increase both the efficiency and the probability of successful outcomes for individual vaccine-related initiatives, the work of all partners should be viewed as the component elements of a concerted global effort. The integrity of the individual entities will be respected, and an informally integrated and common global pipeline can emerge (Table 1) .
Vaccine research and product development is a high-risk undertaking. From a statistical view, the global product pipeline requires many early-stage development projects to generate 1 successful product; the probability of a preclinical vaccine reaching the market has been estimated at 0.22, i.e., about 5 to 1 odds against success. As a result, to register a single vaccine, there needs to be 4 to 5 independent potential vaccines under development. 5 The uncertainty of research outcomes makes establishing and maintaining such a pipeline a necessity. To ensure the likelihood that a vaccine will actually emerge on the market, the pipeline must be composed of a research and product development portfolio of different potential vaccines in different stages of development for each of the targeted diseases and postregistration activities that will ensure future accelerated introduction and access of vaccines. The importance of carrying out research in a true partnership with developing countries should not be underemphasized. To ensure the global pipeline operates efficiently and delivers optimal vaccines to poor countries, all of the partners must coordinate their efforts to strengthen research, product development, regulatory evaluation, ethical evaluation, and postmarketing surveillance. Moreover, the participation of developing countries in setting research priorities and defining the most appropriate target product characteristics for new vaccines is essential for the future success of vaccine development and implementation.
Even when efficient vaccines are developed and introduced, research and product development cannot then cease. Implementation research, postmarketing surveillance, and additional clinical studies that enable optimal evaluation in the target population and of the impact of immunization are all necessary and vital components of successful vaccine introduction and deployment. Collectively, these postapproval activities ensure the maximization of a vaccine's life-saving impact. Similar to the life-cycle management approaches that are applied to commercial vaccines, innovation and research that is focused on providing both better vaccines and enhanced vaccine delivery systems and improving the manufacturing process to continually reduce vaccine unit cost to the end-user also should continue. In short, the existence of an "ever-green" (always updated) vaccine pipeline that constantly delivers new or improved products to the market is critical.
CONCLUSIONS
Despite positive trends, the current level of investment in building sustainable research and product development driving forces has not yet reached a sufficient level. The apparently complex global pipeline does not cover all essential aspects of the vaccine development continuum. There are many gaps in this continuum that prevent successful delivery of some essential vaccines. Additionally, the participation of developing countries' research and disease-control entities during the process is often underweighted.
To meet the challenges of the United Nations' Millennium Development Goals, a new coordinated vaccine research and product development paradigm needs to be built through the active participation of all stakeholders. In addition to this convergence of efforts and increased coordination, developing countries should play a central role in identifying and communicating the specific vaccine products they need. WHO will be a critical player in ensuring that all occur.
